Abstract. Eggs are female germ cells that are required for producing offspring through sexual reproduction. In mammals, eggs are produced in the ovary and ovulated into the oviduct. It is well known that over 99% of eggs are degenerated without ovulation, so that many studies have attempted in vitro folliculogenesis to produce many eggs in different species for a few decades. Although many methods have been developed, a success of in vitro egg production with the resultant live birth of offspring has been limited, especially in livestock animals. More recently, we have succeeded in producing live pups derived from in vitro/ex vivo egg production in mice. This review aims to introduce our recent findings with a brief history of in vitro/ ex vivo culture systems for follicles and ovaries.
Introduction
Recently, the journal "Reproduction" has published a special issue entitled "the 40 th Anniversary of human IVF" after the birth of the first baby, Louise Brown [1] . The technique of in vitro fertilization (IVF) was developed for embryo production, whereas it needed eggs and sperm, and was based on development of techniques for in vitro manipulation of the cells under a microscope. Such techniques are now called assisted reproductive technology (ART). In general, ART treats and needs eggs and sperm, because these cells are the germ cells that produce offspring. However, there is a difference between the geneses of the two germ cells; sperm can be produced from stem cells in the testis throughout most of the lifespan, whereas eggs are produced in the ovary throughout a part of the adult period only from within follicles primary oocytes that are differentiated from oogonia in the fetal or postpartum period. In addition, egg production in the adult ovary is limited, because of lack of stem cells, and over 99% of eggs are degenerated [2] .
Many studies have been attempted to develop a technique for producing multiple eggs from the ovaries [3] . For example, superovulation by treatment with hormones is effective in calf production, but the number of ovulated eggs is limited to about 10 and more eggs per treatment. Furthermore, since around 1980, in vitro maturation, fertilization, and embryo culture (IVMFC) has been developed using ovaries obtained from animals in slaughterhouse. Unfortunately, eggs for in vitro maturation (IVM) are limited only from oocytes within antral follicles, so that its number is 10 to 20 full-grown oocytes in each ovary, meaning that a number of preantral follicles are unusable in the IVM technique. On the other hand, in vitro folliculogenesis from primordial and primary follicles has been studied to produce many eggs in several species [4] . Although many methods have been developed, successful in vitro egg production with the live birth of offspring has been limited, especially in livestock animals. More recently, we have succeeded in producing live pups derived from in vitro/ex vivo egg production in mice [5] . In this review, I will introduce our recent findings with a brief history of the in vitro/ ex vivo culture system for follicles and ovaries.
Oogenesis and Folliculogenesis in General
In the course of fetal development, primordial germ cells (PGCs) move to the genital ridges, and in females, they differentiate to oogonia in the ovary. Depending on the species, oogonia increase their numbers up to several thousands, and finally all of them differentiate to primary oocytes with entry into meiosis at the diplotene stage of prophase I. The process of this oogenesis is a process of oocyte production and is quite different to spermatogenesis in the testis, where stem cells for spermatogonia are present throughout most of the lifespan. Except for the report by Tilly [6] , the ovary has no stem cells after oogenesis.
After differentiation of oogonia to oocytes, each oocyte is enclosed in a single primordial follicle with a few flattened granulosa cells. Initiation of follicle development from primordial (non-grown oocyte) to antral follicle stages (full-grown oocyte), defined as folliculogenesis, is quite different among species; that is, from at the fetal stage to after birth. For example, in the cow, sheep, pigs, and humans, the ovary starts folliculogenesis in the fetus at around 140, 100, 70, and 110 to 150 days of pregnancy, respectively [7] [8] [9] [10] [11] . Therefore, if we could collect fetal ovaries in these animals, embryo production could be started before birth and get offspring in their childhood. On the other hand, in rats, mice, hamsters and rabbits, folliculogenesis starts after birth [2] . Once folliculogenesis starts, the selection occurs at each follicle developmental stage and only some dominant follicles can grow to the final stage. Full-grown oocytes within those follicles can be finally ovulated; the number of ovulated oocytes is dependent on the species. For example, in the cow and humans, one oocyte is ovulated in each cycle, while in pigs, more than ten oocytes are ovulated. In mammals, it is known that during folliculogenesis, only 1% or less of matured oocytes are ovulated during their reproductive period, whereas the remaining enter the atretic process and are degenerated.
In Vitro/Ex Vivo Oogenesis and Folliculogenesis
To release and change the fate of oocytes from the course of the follicle atretic event, the strategy of in vitro growth is valuable for application to human ART as well as for preservation of germ cells in endangered animals, and in accelerating breeding improvement for livestock animals by supplying a large number of eggs. For example, when progeny tests in cattle are planned, several years are needed for the candidate to reach reproductive age and a further several years are needed to analyze its ability; in contrast, by somatic cloning and embryo transfer with many eggs a sib test or individual performance test of the sire can be performed and the duration for analyzing the performance and characteristics of the candidate can be shortened. In addition, collecting immature oocytes from newborn offspring, maintaining them in vitro, and then performing IVMFC and embryo transfer could shorten the duration of producing progeny with high performance by half [3] .
In the in vitro experiment with the oocytes of mammalian ovaries, the first successful production of matured eggs with proven ontogenic potential was reported by Cross and Brinster [12] . They collected and cultured full-grown oocytes from antral follicles of the mouse ovary, resulting in resumption of meiosis of the oocytes cultured in 199 medium. They used bovine calf serum to obtain matured eggs. In general, it is known that serum for cell culture, especially fetal bovine serum (FBS), has a key effect when added in a basal medium, because it contains a large number of growth factors and other unknown factors for cell proliferation. In 1989, Eppig and Schroeder [13] developed a follicular culture system that enables the growth of oocytes. They cultured mouse oocyte-granulosa cell complexes (OGCs) from preantral follicles in a medium supplemented with FBS for 10 days. Furthermore, in 1996, they developed a 2-step method; that is, in the first step, neonatal mouse ovaries with primitive follicles were ex vivo cultured for 8 days, and in the second step, after isolated secondary follicles grown from the cultured ovaries they reached the mature follicle stage after in vitro culture for 14 days [14] . Finally, they obtained live pups for the first time by in vitro/ex vivo egg production. Considering that it is extremely difficult to isolate and cultivate primitive follicles intact from the ovaries, the 2-step method developed by Eppig's group must be considered a commendable protocol to pave the way for in vitro/ex vivo egg production. Unfortunately, although they improved their culture condition in 2003 with an increment in live pups [15] , their method has shown a professional problem with difficulties faced by other researchers to reproduce the protocol for a long time (Fig. 1) .
Under such circumstances, in 2016, Morohaku and colleagues promoted in vitro follicle development in modified culture medium by introducing polyvinylpyrrolidone (PVP) that is a high molecular weight compound [16] . After our modification to the 2-step method, the production of matured oocytes has been shown to be highly reproducible. In addition, we applied this 2-step method to cultivate mouse fetal ovaries that contain PGCs, resulting in isolation of follicles developed after ex vivo culture for 17 days followed by further culture for 14 days, and successful production of matured eggs (Fig. 2) . This achievement in in vitro/ex vivo egg production from PGCs shows complete a representation of the following process: 1) oogenesis and folliculogenesis (meiotic entry and formation of primordial follicles), 2) establishment of oocyte-specific genome imprinting, and 3) growth and maturation of the cytoplasm and karyoplast in the oocyte.
Considerable Key Points for In Vitro/Ex Vivo Culture

Origin/kind of tissues
When in vitro culture of follicles is performed, the follicle developmental stage used is important for successful egg production, especially in livestock animals. In cattle, pigs, sheep, goats, and horses, in vitro culture of OGCs from antral follicles has yield viable matured eggs followed by production of embryos after IVF [17] [18] [19] [20] [21] [22] [23] [24] [25] , whereas the protocols for culture of preantral follicles is very limited in these animals.
In case of OGCs culture from bovine and porcine follicles in most studies, the reason for using antral follicles is that oocytes within these follicles are already fully grown in ovaries derived from slaughterhouses, which are easy to be collected by aspirating with a syringe attached to a needle or by dissection. On the other hand, since the oocytes included in preantral follicles are not fully grown, follicle culture is needed before IVM to help oocytes grow fully. Therefore, a protocol for in vitro culture must have the ability to maintain follicle morphology, and several methods for collecting preantral follicles have been developed including mechanical isolation by dissecting ovarian tissues with needles, enzymatic isolation with collagenase, or a combination of both. In the bovine, when early antral follicles were cultured in the medium supplemented with 4% PVP for 14 days, the recovery rate of cumulus cell-oocyte complexes with almost entire morphology was increased, resulting in the birth of a live calf [26] . However, it is very hard to isolate preantral follicles, because of well-developed abundant interstitial cells in the ovaries of livestock animals examined [27] [28] [29] . In addition, considering that primordial follicles are reserved within the cortical area in adult livestock animals such as cattle, pigs, and sheep, any protocol for isolating of these follicles may have little feasibility so far. As an alternative protocol, ex vivo or ex situ culture of ovarian cortical tissues has been performed, resulting in the yield of viable eggs [30] [31] [32] .
Nutrients in culture medium
For in vitro culture in most studies, FBS is used as a key element to supply various growth factors and nutrients for various kinds of cells as well as for oocytes and follicles. However, it has been reported that FBS contains estrogen, due to which follicular dysplasia in vitro can be possibly induced in the mouse [5] . Further, oocyte development and susceptibility to estrogen differ among mouse strains in ex vivo culture of the neonatal ovary [33] . Until now, research groups in the United States have shown that the number and types of follicles show variation in mouse ovaries in the neonatal period, and that the ratio of primordial follicles at the initiation of follicular development and the rate of regressed follicles already differ in that period [34] . Considering these findings, we introduced estrogen inhibitors into the culture medium, resulting in promotion of follicle formation [5] . Further studies are required to establish a chemically defined medium to understand the detail of the mechanisms of oogenesis. Some predisposing factor(s) from follicle development to induction of ovulation may be possibly involved in the success of in vitro oocyte growth.
Induction of follicle activation
At initiation of follicle development, it is revealed that primordial follicles must be activated for starting their development, which is called as follicle activation. The phosphoinositide 3-kinase (PI3K)/ Akt pathway is known to play a central role in follicle activation. This pathway is fundamental for cell proliferation, survival, and metabolism. In several studies, PI3K/Akt signaling is shown to be related to follicle activation in livestock animals; for example, in mare ovaries, PI3K/Akt and Janus kinase/signal transducer and activator of transcription (JAK/STAT) signaling are conserved in follicles [35] . In fact, several regulating factors of the PI3K/Akt pathway have been applied to induce in vitro follicle activation in rodents and livestock animals.
Phosphatase homologue of chromosome-10 (PTEN) is known as a negative regulator of the PI3K/Akt signaling pathway. In PTEN deficient mice, depletion of primordial follicles from ovarian stocks Fig. 1 . A schematic overview of in vitro/ex vivo egg production in the mouse and livestock animals [5, 13-17, 26, 56-63] . In the mouse, the culture methods have been developed in all follicular stages as well as in primordial germ cells with successful live birth of offspring, whereas in livestock animals, the methods have been developed only in the late secondary and antral follicles with a low yield of embryo production. The 2-step protocol consists of ex vivo organ culture and in vitro follicle culture. PGCs; primordial germ cells, OGCs; oocyte-granulosa cell complexes.
Fig. 2.
An overview of the 2-step culture of mouse PGCs ovaries collected at 12.5 embryonic day (E12.5). In step 1, the ovaries are subjected to ex vivo organ culture on a Transwell-COL membrane for 17 days in α-MEM medium supplemented with 10% FBS. Follicle formation is assisted by the addition of an inhibitor for estrogen receptors using ICI182,780 at day 5 to 11 after culture to facilitate oocyte cyst breakdown. In step 2, secondary follicles isolated after 17 days of culture are cultured on the membrane with 5% FBS, 0.1 IU/ml follicle stimulating hormone (FSH), and 2% PVP supplemented α-MEM. In the course of culture, the follicles are treated with collagenase on day 20 after culture to remove the theca cell layers and basement membrane, both of which suppress in vitro follicle growth, and further cultured to day 31, after culture followed by IVMFC and embryo transfer to produce offspring. is observed due to accelerated follicle activation after birth [36] . Inhibition of PTEN using bpV(HOpic) promotes activation of mouse primordial follicles [37, 38] . When culturing the pieces of bovine ovarian tissue or cortical strips with bpV(HOpic), the transition from primordial to primary follicles increases, whereas DNA damage in oocytes and granulosa cells of the primary and secondary follicles increases as well [39] . More recently, unlike bpV(HOpic), flavanol kaempferol that is known to be one of activators of PI3K/ Akt signaling has been shown to exert a positive effect on increasing follicle activation with less DNA damage in culture of sheep cortical tissues [40] . A forkhead transcription factor, FOXO3, is also known to be a negative regulator of follicle activation by acting downstream of Akt by binding to a specific promoter in the nucleus [41] . In FOXO3 deficient mice, the ovaries start follicle activation simultaneously, and show early exhaustion of the oocytes [42] . After in vitro knockdown of FOXO3 in porcine ovaries, their xenograft into severe combined immunodeficiency mice promotes follicle activation [43] .
As a positive regulator of PI3K/Akt signaling pathway in the follicle, kit ligand and testosterone have been reported in some species. Kit ligand is produced from granulosa cells in the follicle, and is a ligand of the tyrosine kinase receptor, KIT, on the oocyte. Interaction between kit ligand and KIT activates mouse primordial follicles and promotes oocyte growth [44, 45] . Supplementation of kit ligand in culture medium increases oocyte diameter and mRNA expression in somatic cell differentiation of lamb primordial follicles isolated from frozen ovaries. Unfortunately, it remains to be clarified whether to induce follicle activation [46] , while follicle survival is not affected by kit ligand. In the rabbit, kit ligand has no effect in vitro to stimulate follicle activation, despite oocytes growth [47] . On the other hand, testosterone stimulates follicle activation in cultured porcine ovarian cortical tissues, at a rate of around 20% [48] .
Anti-Mullerian hormone (AMH), is a member of the transforming growth factor beta family, inhibits follicle activation in rodents [49, 50] . Research by Fortune's group demonstrated the effect of AMH in a culture of bovine ovaries obtained at a mid-gestation stage, which showed that follicle activation is inhibited under culture condition with addition of insulin as a stimulator after culture for 12 days [51] . This is contradictory to their previous studies [52, 53] , where AMH addition did not affect follicle activation under insulin. This inconsistency may be due to the duration of culture period; 12 vs. 2 days. Possibly, as AMH has less or slow ability to penetrate into cortical tissues under in vitro conditions, a short-term culture may be insufficient for inducing follicle activation [51] .
As described above, in case of in vitro culture of primordial follicles, follicle activation is the first key event for further success to produce viable eggs. Interestingly, despite multiple pathways committed in follicle activation, in vitro culture of ovarian pieces shows spontaneous follicle activation without addition of any specific factors such as kit ligand and AMH [47, 51] . As a possible explanation, when cortical tissues or primordial follicles are cultured in vitro/ex vivo, they may be free from the ovary's in-situ niche of inhibitory factor(s) in the ovary.
Conclusion
For almost a half century, although many scientists have tried to develop in vitro growth and development of mammalian primary oocytes in order to produce viable eggs, a feasible and effective protocol for egg production in livestock animals and humans still remains to be established (Fig. 1) . Currently, to differentiate primordial germ cells to mature oocytes, assisted technology developed has been reported, but its application is limited to mice [5, 16] . Further studies are needed to unravel the mechanisms of oogenesis and folliculogenesis in order to establish effectively in vitro usage of oocytes, most of which will degenerate in the ovary in vivo, and also in order to facilitate in vitro/ex vivo egg production in endangered species and genetically superior livestock animals beyond/outside of their reproductive period.
In in vitro/ex vivo condition, it is unlikely to completely mimic in vivo physiological status, in other words, not necessary to mimic that. In fact, some successful reports including ours have shown follicle development in a limited condition. Recently, metabolism of different follicular stages has been defined directly by measuring the nicotinamide adenine dinucleotide hydride (NADH) with the technique of fluorescence lifetime imaging [54] , which seems contrary to measuring metabolites under in vitro culture conditions. This report has shown that oocytes of mouse primordial follicles have free NADH compared to those of primary and secondary follicles, meaning that the oocytes can produce more NADH through glycolysis and Krebs cycle. Thus, we expect the development of a new technology that would help us better understand the in vivo systems related to oogenesis and folliculogenesis.
Perspective
Our report, in which viable eggs are produced in vitro/ex vivo from primordial germ cells, could facilitate breakthrough in egg production i.e. the production of mature oocytes from pluripotent stem cells. Immediately after our report, Hikabe and colleagues produced primordial germ cell-like cells by differentiating mouse induced pluripotent stem cells (iPSCs) using our technique; eventually they acquired offspring from matured eggs [55] . In the future, with the establishment of iPSCs in livestock animals, a new technology with artificial intelligence will enable us to efficiently perform in vitro/ex vivo egg production.
